Abstract-In this paper, we present a low cost CMOS polarimetric ophthalmoscope scheme enabling the capture of the retinal abnormalities that are unique to cerebral malaria. The proposed technology, which can be integrated into cellphones, offers the basis for quick and non-invasive screening of cerebral malaria. In addition, we report a high quality micropolarizer array for the proposed polarimetric ophthalmoscope, exploiting "guest-host" interactions in liquid crystals. With dichroic azodye-1 (AD1) molecules as the "guest" and nematic liquid crystal (NLC) molecules as the "host", we demonstrate a better control of the molecular orientation of the "guest", which in turn results in a ∼25% increase of the major principal transmittance and a 139% increase of the peak extinction ratio. The proposed micropolarizer fabrication technology is simple and cost-effective, requiring only selective photo-patterning of a "guest-host" polymer spincoated over the image sensor.
I. INTRODUCTION
Cerebral malaria is an acute, widespread disease of the brain, which is accompanied by fever, cognitive impairments (especially in children) and coma. The mortality ratio is between 25-50%. If a person is not treated, cerebral malaria is fatal in 24-72 hours. The direct visualization of the malaria parasite, under the microscope, remains the gold standard for its diagnosis. To remove the need for the required skilled and specialized equipment (microscope, reagents), rapid diagnostic tests have been proposed to detect the antigens/products of the parasite in the blood. However, these tests are often difficult to interpret because they exhibit lower sensitivities at low parasite densities and vary in sensitivity between malaria species [1] . To improve the diagnosis of cerebral malaria, we propose a low cost digital polarimetric ophthalmoscopy technology that enables the capture of the retinal abnormalities that are unique to cerebral malaria. The cost of ophthalmoscopes and the level of skills required (pupil dilatation and eye examination) do not allow currently for the wider use of ophthalmoscopy in poor malaria-endemic countries. To address these issues, we propose a low cost CMOS polarimetric ophthalmoscope scheme that enables a simple mobile phone to be used as a digital ophthalmoscope (Fig. 1) . The user could ultimately even take a polarimetric snapshot of his/her own retina. The retinal images would then be transmitted to a processing node, which would then screen the data for signs of malarial retinopathy. Since the retina is part of the central nervous system, it exhibits a similar cellular structure and blood-tissue barrier. As a result, examining the retina provides a noninvasive and in vivo means to detect infected microvasculature and neurologic tissue [1] . It is widely accepted that cerebral malaria is manifested by retinal whitening and a discoloration of retinal vessels to orange or white [1] . Furthermore, other research works have shown that polarization imaging can provide an enhanced view of the tissue and reveal details not visible by conventional retinal photography [2] .
As shown in Fig. 1 , the integration of a micropolarizer array (i.e. a mosaic of micro-scale polarizer elements of different orientations) over the pixel array of an image sensor enables the concept of a low cost single-chip polarization camera capable of capturing, in a single frame, the polarimetric information of a scene [3] . A number of micropolarizer array (MPA) implementations have been demonstrated for image sensors. Examples include patterned dichroic films such as polyvinyl alcohol (PVA) [4] , [5] , birefringent Y V O 4 crystal covered by patterned aluminum films [6] , multiple-domain liquid crystal with micro-patterned alignment layers [7] , and nanometer-scale metal wire grid [8] . In each case, selective etching is used to pattern micropolarizer elements at the pixel pitch. To completely remove the need for this complex selective etching, we proposed, in [9] , to use instead the wellcontrolled process of ultraviolet (UV) photolithography for the patterning of a high resolution pixel-level micropolarizer array. A spin-coated photosensitive azo-dye-1 (AD1) was used as the polarizing film [9] . This material exhibits a strong dichroism after sufficient exposure to linearly polarized UV light. The rod-like molecules of a spin-coated AD1 film can be oriented with their long molecular axes perpendicular to the orientation of the projected polarized UV light. However, the orientation degree of AD1 molecules is a function of the exposure energy and saturates after prolonged UV exposure. As a result, a UVpatterned polymer AD1 film exhibits limited major principal transmittance and extinction ratio [9] .
In this paper, a "guest-host" MPA, with photo-aligned polymerizable nematic liquid crystal (NLC) as the "host" material and AD1 molecules as the "guest", is proposed to improve the orientation degree of AD1 molecules and thus the optical performance. Section II presents the micropolarizer array pattern design. Section III describes the principle of a "guesthost" micropolarizer array and its fabrication. Experimental characterization results are discussed in Section IV. Finally, a 978-1-4577-0170-2/11/$26.00 ©2011 IEEE conclusion is drawn in Section V.
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II. MICROPOLARIZER ARRAY PATTERN DESIGN
In this section, we describe the pattern design methodology for the "guest-host" micropolarizer array. Light's partial linear polarization information is fully characterized by the first three Stokes parameters (S 0 , S 1 , S 2 ) [10] . With (S 0 , S 1 , S 2 ) representing the total intensity, the amount of linear 0
• or 90
• polarization and the amount of linear 45
• polarization, respectively, the emerging light intensity after passing a linear polarizer can be expressed as a linear combination of (S 0 , S 1 , S 2 ) with their coefficients as functions of the transmission axis orientation of the linear polarizer. This can be accurately described by introducing the linear polarizer's Mueller matrix M linear [10] :
where θ is the linear polarizer's transmission axis orientation, the quantities p x and p y are the absorption coefficients of the orthogonal optical axes (0 p x , p y 1). The total intensity of the emerging light (S 0 , S 1 , S 2 , S 3 ) after passing the linear polarizer is represented by its first Stokes parameter S 0 :
For a given linear polarizer with reliable physical properties, we can assume its absorption coefficients (p x , p y ) constant. Therefore, mathematically, at least three intensity measurements, through linear polarizers with three different transmission axis orientations, are needed to extract the incident light's partial linear polarization information fully included in the first three Stokes parameters. To determine the optimal number of intensity measurements N , a popular strategy is to use a large number of measurements (e.g. N = 16) to reduce the system speckle noise and improve the quality of Stokes images, which are reconstructed with the extracted Stokes parameters for each pixel of the twodimensional photo-sensing array [11] . However, the approach of micropolarizer array, similar to that used in a color filter array, trades-off spatial resolution to allow for the acquisition of the first three Stokes components in a single frame and concretely, each micropolarizer makes only one of the N intensity measurements and N micropolarizers are dedicated to one pixel of the Stokes images to be reconstructed. Although this spatial resolution loss by a factor of N could be alleviated by examining the intensity values of neighboring pixels and adopting interpolation algorithms, it will become extremely difficult even unreliable for a large value of N . In addition, in a recently appeared literature [12] , Goudail et al. indicate that some noise is independent of even increases with N such as additive noise, and the optimum value of N results from a compromise between the robustness to different noise sources. Here we choose an N value of 4 with the micropolarizers' transmission axis orientations denoted as (θ 1 , θ 2 , θ 3 , θ 4 ) and the intensity measurements can be expressed in matrix form:
From Eq. (5), we can see that, a judicious choice of θ for each micropolarizer can significantly reduce the complexity of the Stokes parameters computation circuitry's silicon implementation. Fig. 1 illustrates the adopted micropolarizer array pattern with the micropolarizers' transmission axis orientations along 0 • , 90
• , 45
• and −45 • , respectively, which leads to a simplified extraction of the first three Stokes parameters.
III. "GUEST-HOST" MICROPOLARIZER ARRAY
A. "Guest-Host" Interactions in Nematic Liquid Crystals
Nematic liquid crystals consist of rod-like organic molecules, whose regional ordering is characterized by the parallel alignment of molecules, along their long molecular axes. A well-known property of nematic liquid crystals is that the orientation of the molecules can be controlled with an external electric field. Furthermore, Heilmeier discovered that by controlling the molecular orientation of a nematic "host" material, the properties of the "guest" materials mixed with the nematic "host" can be controlled [13] . In this paper, we propose to exploit this property of "host" nematic liquid crystals to better control the molecular orientation of AD1 (the "guest") and improve its optical properties. Instead of applying an external electric field to orient the NLC "host" molecules [13] , we propose a non-contact high resolution photoalignment technique based on a UV-sensitive sulfonic-dye-1 (SD1) film, used in liquid crystal displays (LCDs) [14] . As depicted in Fig.  2 , the image sensor is first spin-coated with this SD1 film. After subsequent irradiation by linearly polarized UV light, photoalignment of SD1 molecules occurs with the SD1's long molecular axes perpendicular to the polarization direction of projected linearly polarized UV light. The AD1-NLC "guesthost" mixture is then spin-coated on top of the SD1 film, which will act as an alignment layer for the NLC "host" molecules and the AD1 "guest" molecules. Polymerization of the "host" provides thermal and UV stability.
B. Fabrication
To demonstrate the proposed "guest-host" micropolarizer array technology, we fabricated an array for the extraction of full linear polarization information [10] . The "guest-host" MPA exhibits a 2×2 pattern comprising of 0 • , 90
• and −45
• micropolarizers. To enable the optical characterization of the fabricated MPA, a transparent glass substrate was used instead of the silicon-based opaque complementary metaloxide-semiconductor (CMOS) image sensor substrate. The fabrication steps of the "guest-host" MPA shown in Fig. 2 can be summarized as follows. First, organic contaminants are removed from the surface of the transparent glass substrate, using an ultraviolet-ozone (UVO) cleaning machine (Jelight 144AX). An SD1 solution is then spin-coated onto the glass at 800rpm for 10s then 3000rmp for 40s. In order to eliminate the particle impurities, the solution of SD1 in dimethylformamide (DMF) with a concentration of 1% by weight is filtered before the spin-coating. The glass substrate is then baked at 110ºC for 20min to remove the remaining solvent and strengthen the adhesion of the SD1 material to the substrate. The spincoated SD1 layer on the glass substrate is subsequently photopatterned using four successive masked exposures to 90
• and 45
• linearly polarized UV light. The duration of each exposure is 15min and the UV light intensity at 365nm is around 5.6mW/cm 2 . With the four masks applied (Fig. 1) , SD1 molecules are selectively photo-aligned along 0
• , 90
• , respectively. After patterning the NLC photoalignment SD1 layer, a mixture of the AD1 solution and the NLC solution (with a mass ratio of 1:1) is spin-coated on top of the patterned SD1 layer at a speed of 800rpm for 5s then 3000rpm for 30s. Next, the substrate with the spin-coated "guest-host" mixture is baked at 50ºC for 3min to eliminate the solvents. Finally, UV light with a wavelength of 254nm and an intensity of 2mW/cm 2 is applied for 3min, to polymerize the NLC "host" material.
IV. EXPERIMENTAL RESULTS
The fabricated "guest-host" micropolarizer array was characterized by measuring the two important figures of merit that are major principal transmittance and extinction ratio. Measurements were performed using a broadband linear polarizer (from Moxtek Inc.) inserted between a mini deuterium halogen light source (Mikropack DT-Mini-2-GS) and the fabricated sample, to provide linearly polarized input light with wavelength varied from 400nm to 550nm. Fig. 3 compares the measured major principal transmittances of both the UVoriented AD1 micropolarizer [9] and the proposed "guesthost" micropolarizer. A ∼25% improvement of the major principal transmittance is achieved. In addition, Fig. 4 shows that the peak extinction ratio is increased from 131 to 313 for an AD1 concentration of 4%. These results demonstrate that mixing AD1 with a "host" nematic liquid crystal provides superior micropolarizer array performance. Moreover, the fabricated micropolarizer pitch is 5μm×5μm. The overall "guesthost" MPA thickness was measured by a surface profiler (Tencor P-10) and found to be 0.95μm. 
V. CONCLUSION
We have fabricated and characterized a "guest-host" micropolarizer array with dichroic azo-dye AD1 as the "guest" and polymerizable nematic liquid crystal as the "host". Experimental results demonstrate that micropolarizers exploiting "guest-host" interactions offer superior optical performance compared to a photo-aligned AD1 polarizing film. We report a ∼25% increase of the major principal transmittance and a 139% increase of the peak extinction ratio. This was achieved by controlling the "guest" molecular orientation through the photoalignment of "host" molecules. The proposed noncontact micropolarizer array fabrication technology prevents mechanical damage, electronic charge or contamination to the substrate. High spatial resolution with a pixel pitch of 5μm×5μm is achieved. In addition, it is also compatible with standard CMOS process, enabling the integration of a "guesthost" micropolarizer array over a mobile phone's CMOS image sensor to realize the proposed low cost polarimetric ophthalmoscope scheme for cerebral malaria diagnostics.
